Atomistic investigation of scratching-induced deformation twinning in nanocrystalline Cu
I. INTRODUCTION
Nanocrystalline materials with internal microstructural size down to nanoscale regime have drawn wide range of interests due to their unique mechanical properties. 1, 2 To facilitate the rational design and application of nanocrystalline materials, fundamental investigations of their deformation behavior under external loads are essentially required. In addition to dislocation slip and grain boundary (GB)-associated mechanism, deformation twinning has been demonstrated to be an important deformation mechanism operating in the plastic deformation of nanocrystalline facecentered-cubic (FCC) metals subjected to mechanical loading at low temperature and high strain rate. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In particular for the nanocrystalline Cu under tension, torsion, or rolling modes, deformation twinning plays an important role in the plastic deformation because of the low stacking fault energy. [13] [14] [15] [16] [17] Although several twinning mechanisms have been proposed, our understanding of the relation between deformation twinning and the resultant mechanical behavior is far from being completed. On the other hand, little attention has been paid to the role of deformation twinning playing in the tribological behavior of nanocrystalline Cu. It has been proven that the stress state, in addition to other external parameters such as temperature and strain rate, has a remarkable influence on the twinning stress at which a mechanical twin nucleates. 18 During tribological test, the specimen undergoes localized elastic and plastic deformations under multi-axial stress states, which is distinctly different from the uniform deformation under uniaxial stress state in tensile test. Therefore, a key question is raised, but not well answered: can mechanical twins be formed in nanocrystalline Cu subjected to nanoscratching? While friction and wear are of critical importance for the application of nanocrystalline materials, a fundamental understanding of the relationship between the scratching-induced deformation twinning and the resultant tribological behavior should provide critical guidelines for the design, manufacturing, and operation of nanocrystalline Cu based micro/nanosystems.
It has been demonstrated that the influence of internal microstructure on the deformation behavior of nanocrystalline metals is size dependent. 17, 19, 20 In particular, the grain size dependence of deformation twinning in nanocrystalline Cu is not monotonous. Previous studies showed that the twinning stress in nanocrystalline FCC metals increases with decreasing grain size, i.e., the grain size-dependent propensity of deformation twinning follows a reverse Hall-Petchtype relationship. 21, 22 However, a recent report claimed that the propensity of deformation twinning exhibits a normal Hall-Petch grain size dependence upon further decreasing grain size of nanocrystalline Cu. 23 Therefore, it is also intriguing to investigate the effect of grain size on the propensity of scratching-induced deformation twinning.
In this study, we perform molecular dynamics simulations to investigate the scratching-induced deformation a)
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V C 2012 American Institute of Physics 112, 073526-1 twinning in nanocrystalline Cu. Atomic configurations of three-dimensional randomly oriented nanocrystalline Cu samples are utilized. The tribological response, the deformation mechanisms, and the formation mechanism of deformation twins are elucidated. Furthermore, the effect of grain size on the deformation behavior of Cu samples is also studied. In particular, the physical mechanism for the observed deformation twins is unraveled in terms of the dissociation of lattice partial dislocations, twin boundary (TB) migration, and Hall-Petch grain size dependence of deformation twinning. Based on such atomistic simulations, we demonstrate that deformation twinning is an important deformation mode in nanocrystalline Cu subjected to nanoscratching. Figure 1 illustrates the MD model of nanoscratching utilized in this study, which consists of a nanocrystalline Cu sample of full atomic representation and a virtual spherical probe. Three nanocrystalline Cu samples with different average grain sizes of 16, 13, and 10 nm, namely Sample 1, 2, and 3 for simplicity, respectively, are prepared by using the Voronoi diagram. Each Cu sample has the same dimension of 21.5, 14.5, and 21.5 nm in X, Y, and Z directions, respectively. Periodic boundary conditions are applied in laterally X and Z directions of each Cu sample, and the bottom of which is fixed to prohibit rigid movement of the sample during nanoscratching process. The atomic interactions in nanocrystalline Cu samples are described by an embedded atom method (EAM) potential parameterized for Cu. 24 Prior to nanoscratching, the as-created nanocrystalline Cu samples are relaxed to their equilibration configurations by following procedures: atoms in samples are first relaxed to their minimum energy configurations using the fast inertia relaxation engine (FIRE) algorithm, 25 and then the samples are heated up to 30 K under 0 bar using the Nose-Hoover thermostat for 50 ps in the isothermal-isobaric (constant number of particles (N), constant pressure (P) and temperature (T), NPT) ensemble. Note that the low temperature of 30 K is selected to diminish the thermally activated dislocation motion and promote twinning tendency. 12, 26 The well-equilibrated nanocrystalline Cu samples are then subjected to nanoscratching using a spherical probe with a radius of 4 nm in the microcanonical (constant number of particles (N), constant volume (V) and energy (E), NVE) ensemble. The probe is modeled by a strong repulsive potential. 27 Figure 1 depicts that the nanoscratching process consists of two sequential stages, as indentation and following scratching, respectively. In indentation stage, the probe penetrates into each Cu sample by 2.24 nm along negative Y direction at a constant velocity of 20 m/s, and then it scratches 4.07 nm along negative X direction at a constant velocity of 20 m/s in the following scratching stage. It should be noted that the simulated nanoscratching velocity is few orders of magnitude higher than experiments, because of the requirement of obtaining large strain in the plastic deformation within reasonable computational time. All the MD simulations are completed using the classical MD package-ITAP Molecular Dynamics (IMD) with a time step of 1 fs. 28 The lattice defects generated during nanoscratching process are identified by the common neighbor analysis (CNA). 29 The coloring scheme is designed as blue stands for FCC atoms, green for hexagonal-close-packed (HCP) atoms, and red for Other atoms including surface atoms, grain boundary atoms, and dislocation cores. Here, a single HCP-coordinated-layer identifies a coherent TB, two adjacent HCP-coordinated-layers indicate an intrinsic stacking fault (ISF), two HCP-coordinated-layers with a FCC-coordinated-layer between them represent an extrinsic stacking fault (ESF). 30 The Atomeye is utilized to visualize MD data and generate MD snapshots. 31 
II. SIMULATION METHOD

III. RESULTS AND DISCUSSION
A. Scratching-induced deformation twinning
In the nanoscratching process, the mechanical force acting on the probe can be divided into three components, as scratching force along X direction, indentation force along Y direction, and lateral force along Z direction, respectively. Prior to nanoscratching, the probe is primarily placed above the centre of the surface of a grain in each nanocrystalline Cu sample. The white arrow in Fig. 2(b) indicates the grain to be penetrated in Sample 2, and the undeformed GBs are highlighted by the white lines. Figure  2 (a) plots the indentation force-indentation depth curve of the indentation on Sample 2, indicating the indentation stage can be divided into the following four phases: phase I -elastic deformation, phase II -dislocation activity governed plastic deformation, phase III -TB migration dominated plastic deformation, and phase IV -plastic deformation under the competition of multiple deformation mechanisms such as dislocation activity, GB-associated mechanism, and deformation twinning. To facilitate the analysis of the deformation behavior of Cu samples, Fig. 3 presents a statistical description of the evolutions of atoms in different lattice environments during the indentation on Sample 2. The reduced number is calculated by subtracting the base number before indentation using the measured number. The TB atoms are distinguished from ISF atoms by employing the DXA algorithm. 32 Note that the ESF atoms are treated as TB atoms in DXA algorithm, as the ESF transformed from ISF will eventually widen to nanosized twin lamellae. 33 It is seen from Fig. 2(a) that the indentation force increases rapidly in phase I, indicating the Cu sample undergoes elastic deformation. After the indentation depth reaches a critical value of 0.58 nm, a plateau of the force appears due to the avalanche of initial dislocations nucleated from the indented surface. In phase II, the incipient plasticity of the indented Cu sample is dominantly controlled by the nucleation and subsequent motion of lattice partial dislocations in the indented and neighboring grain interiors. 34, 35 Figure 3 shows that in phase II the FCC atoms decrease rapidly, accompanied with the increase of ISF atoms and Other atoms. The white arrow in Fig. 2(c) highlights the extended leading partial dislocation that emits from the GB triple junction of a neighboring grain. However, the surrounding GBs impede the glides of lattice dislocations in grain interiors as GBs act as strong obstacles to dislocation motion. In addition to the blockage of dislocation motion by GBs, the formation of sessile dislocation structure due to dislocation reaction and cross slip, as shown in Fig. 2(d) , also contributes significantly to the work-hardening of the indented material. Consequently, there is high concentrated stress accumulated in the indented region. Upon indentation, one TB, namely TB1, forms in a neighboring grain via dissociation of the lattice partial dislocation that emits from the GB, accompanied with dramatic decrease of indentation force in phase II. 9, 36 Accordingly, Fig. 3 shows that the TB atoms increase clearly in the later period of phase II. Immediately after nucleation, the twin plane moves downwards an atomic step via TB migration to become stable, as shown in Fig. 2(d) . In phase III, another TB, namely TB2, forms in another neighboring grain via the same twinning mechanism. Figure 3 shows that in phase III, the number of ISF atoms is nearly unchanged, accompanied with a significant increase in the number of TB atoms and Other atoms, implying that the plastic deformation is mediated by other deformation modes rather than dislocation activity. A dynamic analysis of defect evolutions demonstrates that TB migration plays a dominant role in the plastic deformation in phase III. To demonstrate the migration process of TB1, Fig. 4 presents a set of MD snapshots of instantaneous defect structures obtained at different indentation depths. Figures 4(b) , 4(g), and 4(h) jointly reveal that TB migration is associated with the nucleation of lattice partial dislocations from TB-GB intersection and their consequent glide on the twin plane. This finding validates the previous experimental observation. 37 It is seen from Fig. 4 (c) that after the TB migrates to reach the partial dislocation with its slip plane parallel to the twin plane, de-twinning occurs and a three-HCP-coordinated-layer is then formed. The three-HCP-coordinated-layer serves as a twin embryo, 38 because it dissociates into twinning dislocations immediately after its formation, as shown in Figs. 4(d) and 4(e) . The plastic deformation of the indented material in phase IV is governed by dislocation activity, GB-associated deformation, de-twinning, and TB migration working in parallel. It is seen from Fig. 3 that the slope of ISF atom increase in phase IV is larger than both TB atoms and Other atoms, indicating that the change in GBs, i.e., GBs breaking and grain coalescence, is pronounced. Figure 4 (f) shows that de-twinning indeed results from the subsequent glide of lattice partial dislocation on the twin plane after emitting from the TB-GB intersection. In contrast, the following reformation of TBs occurs accompanied by the adsorption of lattice partial dislocations by GBs. Figure 6 (a) plots the scratching force-scratching length curve of the scratching on Sample 2, indicating there are three phases existing in the scratching stage: phase I -dislocation activity governed plastic deformation, phase II -TB migration dominated plastic deformation, and phase III -plastic deformation under the competition between dislocation activity and GB-associated mechanism. We note that the material undergoes more complex deformation in the scratching stage than the indentation stage due to the multi-axial stress states, which induces difficulties to distinguish fractional contributions of individual deformation mechanisms to the macroscopically observed friction response. The statistical description of the evolutions of atoms in different lattice environments during the scratching on Sample 2 is presented in Fig. 7 . The reduced number is calculated by subtracting the base number before scratching using the measured number.
In phase I, new lattice partial dislocations nucleate from both the surface and GBs in front of the probe and subsequently glide in grain interiors, as shown in Fig. 6(d) . Simultaneously, the release of the compression stress behind the probe leads to annihilation of dislocations generated in former indentation stage and recovery of the indented surface. 26 Figure 7 shows that the increase of FCC atoms is accompanied with the decrease in both ISF atoms and Other atoms in phase I, indicating that the dislocation annihilation is more pronounced than the nucleation of dislocation. Furthermore, the third TB, namely TB3, forms in a neighboring grain and resides behind the probe, as shown in Fig. 6(e) . Accordingly, Fig. 7 shows that the number of TB atoms increases in phase I. Dynamics analysis of defect evolution demonstrates that the plastic deformation in phase II is dominated by the reversible migration of the TB3, which is caused by the reversible glide of lattice partial dislocations that successively nucleate from both of the two opposite TB-GB intersections on the twin plane. In phase III, there exists a strong competition between dislocation activity and GB-associated mechanism, while the previously formed three TBs keep stable. Upon further scratching, new dislocations successively emit in front of the probe from GBs and then glide in grain interiors and correspondingly in the initial period of phase III, the number of ISF atoms increases accompanied with decrease of FCC atoms, as shown in Fig. 7 . However, the adsorption of dislocations by GBs leads to the increase of FCC atoms. With the advancement of the scratching length, more dislocations are nucleated to sustain the deformation induced by the probe, and their reactions and cross slip lead to the formation of the stair-rod dislocation in grain interior shown in Fig. 6(f) . Simultaneously, the GBs also undergo significant change. A comparison between Figs. 6(b) and 6(c) reveals that while dislocation annihilation behind the probe leads to the recovery of broken GBs, there are subgrains formed in front of the probe to accommodate severe plastic deformation of the material by increasing active slip systems.
B. Grain size effect
To characterize the grain size dependence of indentation response of nanocrystalline Cu samples, the indentation hardness defined as the ratio of indentation force to contact area is also calculated. The detailed description about the calculation of contact area during spherical indentation simulation can be found elsewhere. 39 Figure 8 (a) plots indentation hardness versus indentation depth curves of indentation on nanocrystalline Cu samples with different grain sizes. It is seen from Fig. 8(a) that the three curves exhibit similar features: the indentation hardness first increases rapidly to reach the maximum value in the elastic regime, and then drops dramatically at the elastic-plastic transmission point due to the initiation of plasticity accompanied by dislocation nucleation. However, the maximum strength of the Cu samples strongly depends on grain size, and it decreases with decreasing grain size in a reverse Hall-Petch manner. Figure 8 (a) also shows that grain size has little influence on the stable value of indentation hardness that is used to compare with experimental data. This may be attributed to the strong competition between individual deformation mechanisms in the final period of indentation stage.
In addition to indentation response, grain size also has strong influence on the following scratching response of Cu samples. Figure 8 a constant value when scratching is stable. However, the friction coefficient is smaller for Sample 1 than the other two samples when scratching length is less than 2.65 nm. This discrepancy can be interpreted by the GB proximity effect. Scratching is mainly performed in grain interior of Sample 1 of large grain size, which requires less energy for material removal than scratching on GBs due to dislocation-GB interaction. 40 Upon further scratching, however, the friction coefficient of Sample 1 increases when the probe is approaching the GB and reaches the same value with other two samples when the probe scratches across the GB. It is indicated that grain size has a significant influence on involved deformation mechanisms, which subsequently affects the mechanical responses of nanocrystalline Cu under nanoscratching.
To characterize the grain size dependence of the propensity of deformation twinning, the number of TBs formed in indentation and following scratching stages on nanocrystalline Cu samples with different grain sizes is countered. Note that the TB ledges connected by twinning partials formed due to un-completed TB migration, as shown in Fig. 5(b) , are treated as one TB. Furthermore, the ESFs are not taken into account. Figure 9 (a) presents the three TBs, highlighted by white arrows, formed after scratching on Sample 2. Figure 9 (a) also demonstrates that the plastic deformation behavior varies significantly upon grain orientation. While the plastic deformation in the grain containing TB2 is dominated by deformation twinning, nucleation of lattice partials from GBs is the major deformation mode in the grain containing TB3. This heterogeneous deformation behavior of randomly oriented nanocrystalline FCC metals has been reported by previous atomistic simulations. 32, 41 Figure 9 (b) plots the number of TBs formed after the completions of indentation and scratching stages as a function of grain size, suggesting that grain size has a strong influence on the propensity of deformation twinning in nanocrystalline Cu under nanoscratching. After the completion of indentation stage there are 1, 2, and 3 TBs formed in Sample 1, 2, and 3, respectively, indicating a Hall-Petch grain size dependence of deformation twinning. For Sample 1 and 2, Fig. 9(b) shows there are more TBs formed after scratching than indentation. In contrast, the number of TBs in Sample 3 decreases after scratching. It is seen from Fig. 9(b) that there exists a reverse Hall-Petch grain size dependence of deformation twinning in the scratching stage. Note that the as-observed grain size dependence of the propensity of deformation twinning under low temperature of 30 K may change upon the increase of deformation temperature. 12 
IV. CONCLUSION
In summary, we perform molecular dynamics simulations to study the deformation mechanisms of nanocrystalline Cu under nanoscratching. Simulation results suggest that in addition to dislocation activity and GB-associated mechanism, deformation twinning, i.e., formation of twin plane, TB migration, and de-twinning, plays an important role in the plastic deformation of nanocrystalline Cu. TBs are formed by the dissociation of lattice partial dislocations that emit from GB triple junctions, and the consequent TB migration is triggered by the emission of lattice partial dislocations from TB-GB intersections and their consequent glide on the twin plane. It is found that both grain size and stress state have significant influence on the propensity of deformation twinning in nanocrystalline Cu under scratching. A Hall-Petch grain size dependence of deformation twinning is observed in indentation stage, while the maximum strength of nanocrystalline Cu samples decreases with decreasing grain size in a reverse Hall-Petch manner. In the following scratching stage, a reverse Hall-Petch grain size dependence of deformation twinning takes place. The observed remarkable nanoscratching-induced deformation twinning in nanocrystalline Cu has theoretical and practical significance for the tribology, design, and manufacturing of nanocrystalline Cu micro/nanosystems.
